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Abstract: Textile preform properties such as compression and permeability greatly influence the quality
of the composite material and its performance, particularly those prepared by injection moulding
techniques like resin transfer moulding (RTM). Directionally oriented warp-knit biaxial, triaxial and
quadraxial glass fabrics have been studied for these preform properties. The preform compression
properties were tested on the universal testing machine up to a maximum force of 250 N. The rate of
test liquidflow through these preformshas beenmeasuredusing the horizontalwicking testmethod.The
permeability of these preforms has been analyzed based on the liquid flow-rate data. Fibre orientation
and fibre volume fraction of the preforms are observed to be important factors influencing these preform
properties.
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INTRODUCTION
Textile-reinforced composites have been used successfully
frommany decades as engineering materials, designed and
manufactured for various applications such as maritime
craft, aircraft, automobile, civil and many structural end
uses. Major advantages such as ease of handling, net-
shapability and highly versatile design potential due to
structural complexity (Chou, 1992) have made the textile
preforms a prime reinforcement for composite applica-
tions. The three-dimensional textile preforms offer im-
proved damage tolerance and the benefit of near-net-shape
manufacturing (Kamiya et al., 2000). Amongst these pre-
forms, directionally oriented structures (DOS) or multiax-
ial warp knits (MAWK) have been evolved through struc-
tural modifications of warp-knitted fabrics with inlay yarns
in desired directions. They are also termed as non-crimp
structures since the presence of knitted loops is to perform
the function of holding layers of uncrimped inlay yarns
(Anand, 1996). Amount of fibre and orientation in con-
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trolled directions play a critical role in preform engineer-
ing, wherein the mechanical properties of the composite
are mainly designed according to the fibre properties. Liba
and Malimo systems along with such inlay knit layers can
as well incorporate fibre or non-woven fleece between the
layers to produce multiaxial multilayer structures (Padaki
et al., 2006), whole of these DOS are predominantly ap-
plied for composite reinforcements (Du and Ko, 1996).
An ever-increasing demand for faster composite manu-
facture has pressed the composite industry to replace hand
lay-up technique with alternative liquid composite mould-
ing (LCM) techniques such as RTM, inwhich the preform
characteristics influence composite manufacture to a great
extent. Current advances in research are focused on qual-
ity reinforcement production for the final component so as
to achieve process times compatible with liquid injection
methods. Preform characteristics are ascertained to influ-
ence the quality, properties and performance of composite
materials prepared by the LCM processes. Type of the
reinforcement, fibre orientation, compression behaviour
and permeability characteristics are the major influencing
factors in this aspect.
During the use of textile preforms in the process of liq-
uid injection composite preparations, resin flow–induced
defects, voids and dry (resin-less) spots are considered to
be the largest source of quality and reproducibility prob-
lems (NIST, 1990). These defects aremainly due to unbal-
anced resin flows, which are directly related to variations in
the permeability of the fibre preform. Poor fibre preform
Copyright C© 2008 The Textile Institute 287 TJTI 2008 Vol. 99 No. 4 pp. 287–294
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quality, fabric deformation, or improper fibre preform
preparation/loading are reported to be leading causes for
variations in permeability (Lai and Young, 1997; Sridhar
et al., 1998). In conventional experimental studies, fibre
permeability is typicallymeasured using specially designed
transparent molds. Although preforms are in reality easily
deformed and re-structured during the composite man-
ufacturing, understanding of permeability properties of
such preforms definitely help in better and faster compos-
ite preparation.
Fluid permeability through a fibrous preform is by a
combinational process of wetting and wicking (Patnaik
et al., 2006). Wetting is the initial process involving the
fluid spreading wherein the fibre–air interface is displaced
with the fibre–liquid interface. Wetting is measured in
terms of the contact angle, which is formed by the sub-
strate and the tangent to the surface of the liquid droplet
at the contact point. Contact angle measurement is a pre-
cise empirical tool to determine the wetting interaction
between a liquid (surface tension) and a substrate (surface
free energy).Wicking is the capillary flow of liquid through
the porous preform due to the difference in fluid pressure.
Fluid pressure and flow rate measurements from the above
are used to obtain an average permeability for the preform
using Darcy’s law for a linear and slow steady-state flow as
given by Darcy’s equation (1)
Q = −KP
L
(1)
where K is the permeability constant of the porous
medium,P the net flow pressure head andL the length of
the sample in the direction of flow. The permeability con-
stant (K) is a characteristic value of the fabric which does
not change with different fluids; it is expressed as a ratio of
the permeability (k) of the media to the fluid viscosity (η),
as given by equation (2). A few studies have indicated that
the effect of fluid in such preform permeability studies has
less significance (Han et al., 2000; Luo et al., 2001). From
the above relations, it is clear that as the fluid viscosity
changes, permeability (k) changes accordingly.
K = k
η
(2)
Another important property of the textile preforms for
composite reinforcement is the compressibility, which in-
fluences the preform porosity, as many of the textile struc-
tures are readily deformable due to mould closing and
pressure or vacuum application during composite manu-
facture by injectionmouldingmethods. Compressibility of
textile reinforcements not only influences the fibre archi-
tecture but also affects the permeability through porosity
variations and hence the composite manufacturing process
(Pillai et al., 2001). When the fibrous preform is subjected
to compression it undergoes a number of changes, such as
flattening of fibrous tow, reduction of the pores and gaps
between the fibres inside tows as well as between individual
tows, elastic deformation, inter-layer shifting (nesting), etc.
Figure 1 Typical compression behaviour of textile preforms
[13].
A typical compression pressure versus preform thick-
ness curve for a woven fabric is depicted in Figure 1 (Chen
and Chou, 1999). Initial preform compaction is primarily
due to the reduction of pores and gaps among the fibres
and yarns, while at higher pressure, compression is dom-
inated by the bending deformation of yarns. The woven
fabric compressibility model was first proposed by van
Wyk (1946) considering the fibres as beams in Kirchhof
bending. Furthermore,Gutowski et al. (Cai andGutowski,
1992; Gutowski, 1985; Gutowski and Dillon, 1992, 1997)
have made contributions to the theoretical modelling of
fabric compressibility based on this beam theory. Various
fabric compressibility models have been reviewed (Hu and
Newton, 1997) and many studies have attempted to relate
compaction pressure with preform thickness by regression
analyses (Matsudaira and Qin, 1995; Pearce and Summer-
scales, 1995; Saunders et al., 1998, 1999; Toll andManson,
1994). Hoffman and Beste (1951) had initially proposed an
exponential thickness–pressure function for fabrics. Pre-
form compression behaviour has been reported in detail
using five parameters: initial fibre volume fraction, final
fibre volume fraction, initial preform bulk compressibility,
fibre solid compressibility and an empirical exponent for
power-law (Chen et al., 2001). The present study is an
attempt to understand these compressive and permeabil-
ity behaviour of directionally oriented warp-knit preforms
for composite reinforcement applications. The variation of
preform thickness due to compressive force, experimental
fluid flow behaviour and permeability properties of biaxial,
triaxial andquadraxialwarp-knit glass preforms are studied
and the rationalization of influence of preform compression
on the permeability has been tried.
MATERIAL AND METHODS
Materials
Multiaxial warp-knit preforms as represented by line di-
agrams in Figure 2 (Raz, 2000), i.e., biaxial, triaxial and
quadraxial structures were used for the present studies.
The E glass fibres were used as inlay and polyester (50 de-
nier) was used as the knitting yarn. Fabric characteristics
288TJTI 2008 Vol. 99 No. 4 Copyright C© 2008 The Textile Institute
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Table 1Multiaxial warp-knit fabric specifications
Preform
Glass inlay yarn, Tex (inlay
direction)
Preform thickness (at 5 N),
mm (CV%) Weight, g/m2 (CV%)
Biaxial DOS 200 (+45,–45) 0.81 (2.8) 406 (4.3)
Triaxial DOS 900 (0) 1.12 (3.4) 787 (3.5)
300 (+45,–45)
Quadraxial DOS 600 (0) 1.62 (2.1) 802 (2.9)
300 (+45,–45,90)
Figure 2 Directionally oriented warp-knit structures.
and construction details are presented in Table 1. The in-
lay E glass roving in different directions are mentioned
as 0◦ along wale, 90◦ along course and ±45◦ along bias
directions.
Preform testing
Compression test
The compression behaviour of these preforms was tested
on Hounsfield H100KS universal testing machine (com-
pression head area 25.16 cm2) at a rate of 5 mm/min. Pre-
form compression behaviour as a function of applied force
to a maximum of 250 N was carried out with an initial
preload of 5 N; for each preform 30 tests were done. The
data obtained as fabric compression (mm) to the applied
force (N) were stored to plot and calculate the results.
Permeability—Horizontal wicking test and contact angle
wettability tests
The tests conducted for the permeability studies include
horizontal or in-planewicking test and contact angle wetta-
bility tests. The preforms were preconditioned per ASTM
standard D1776 and 10 trials in each test were done for
each of the above-mentioned samples.
Water wicking of the said preforms was obtained by
measuring the wicking rate (g/min) using a horizontal in-
planewicking tester (Fig. 3) developed in thedepartment of
textile technology, Indian Institute ofTechnology—Delhi,
India. In this instrument, a tiny water front is presented
to the horizontally placed fabric sample (size 16 cm ×
16 cm), which starts to absorb the water by wicking due
to capillary action through the pores within the yarn and
fabric structure. The water is supplied continuously from
a reservoir by siphoning. The reservoir is kept on a digital
weighing balance, which enables recording of data for the
mass of water absorbed by the fabric.
Another wicking experiment to saturation was carried
on 10 cm × 10 cm sample of the preform in which average
time for sample saturation is obtained. This type of flow
measurement could be of immenseuse to compare different
preforms for flow patterns and the data obtained from
this study was used to calculate the permeability. In the
first set of trials in this experiment, the amount of water
required for saturation was noted for five specimens. A
second set of trials with another five specimens was carried
out to estimate the time required for that average amount
of water to be wicked. By this, permeability in terms of
water wicked per unit time per unit area could be arrived
at to compare the fluid flow rate through the different
preforms conveniently. Wettability tests on the preforms
were carried out using automated Contact Angle tester per
the standard D5725 (ASTM International, 2003).
RESULTS AND DISCUSSIONS
Figure 4 illustrates the compression behaviour of the textile
preforms under investigation. The preforms are compress-
ible to one-third of their thickness and the behaviour can
be segregated into three types: initial linear trend, mid-
nonlinear, followed by final linear behaviour. Initially un-
der the action of compression forces on preform, the pore
volume reduces rapidly to bring the fibres close to each
other. This initial phase could be recognized from the fig-
ure as the first linear segment, which requires less force for
compression. In the second, curvilinear stage, the fibres re-
align themselves and are rearranged involving fibre bend-
ing. Hence this phase requires more force compared to the
first and the higher compression resistance could be due
to the bending modulus of the fibres in preform. The final
stage, which involves compressing the fibres themselves, is
represented by last linear segment of the diagram.
Exponential curve-fitting technique was adopted to es-
tablish an empirical relation between the compressive force
P with a corresponding change in preform thickness t as
given by equation (3), where C and α are constants. The
change in preform thickness t is the difference of initial
289Copyright C© 2008 The Textile Institute TJTI 2008 Vol. 99 No. 4
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Figure 3 Horizontal wicking tester.
Figure 4 Compression behaviour of preforms.
preform thickness (ti) from that at compressive force P
(tP), expressed by equation (5). The relation (3) can be
expressed in terms of change in preform thickness t, as
given by equation (4). A mathematical equation as repre-
sented below by equation (6) from equations (4) and (5)
to estimate the behaviour of these preforms under com-
pression, where Vf is the change in fibre volume frac-
tion resulting from reduction in the fabric thickness and
applied compressive force, assuming negligible change in
aerial density of the fabric. The values of constants C and
α of the equation for each type of preform are tabulated
(Table 2) after analyzing the test data. Fibre volume frac-
tion in the preform is the ratio of volume occupied by
the fibre to that of the fabric, calculated from fabric aerial
weight, fibre density (glass 2.5 g/mm3) and preform thick-
ness. It could be noticed from theTable 2 thatwith increase
in the fibre volume fraction of the preform, the resistance
to compression also increases. Biaxial and quadraxial warp-
knit preforms have the least fibre volume fraction and they
show the highest preform compressibility.
P = C.eα.t (3)
t = ln(P) − ln(C )
α
(4)
t = ti − tP (5)
Vf = ti − tPti =
ln (P) − ln (C )
tiα
(6)
Table 3 presents the results of horizontal wicking test
with respect to the flow rate, amount of water wicked by
the preforms after the firstminute and 5minutes of testing.
Figure 5 illustrates the permeability of preform in terms
of fluid flow rate from the horizontal wicking test. It can
be observed that among the DOS, quadraxial preforms
have the highest amount of water wickability, followed by
triaxial structures and the least for the biaxial preforms.
The results imply that fibre orientation in the preform
plays a significant role in wicking, with higher isotropicity
of the fibres effecting greater wickability.
Wettability tests on the directionally oriented warp-knit
preforms by automated contact angle tester reveal that the
spreading time of water droplets on these preforms is very
less to the tune of milliseconds. This behaviour could be
due to the high surface energy of glass, surface finishes
applied on the glass fibres tomake them easily wettable and
Table 2 Compression test data of preforms
Preform
Fibre volume
fraction (5 N)
Fibre volume
fraction (250 N)
Reduction in preform thickness
(250 N), mm (CV%) C A R2
Biaxial DOS 0.20 0.31 0.28 (2.3) 4.62 12.0 0.99
Triaxial DOS 0.28 0.35 0.23 (1.9) 4.75 9.89 0.98
Quadraxial DOS 0.20 0.29 0.58 (1.7) 4.57 6.70 0.99
290TJTI 2008 Vol. 99 No. 4 Copyright C© 2008 The Textile Institute
D
o
w
n
lo
ad
ed
 B
y:
 [
B-
on
 C
on
so
rt
iu
m 
- 
20
07
] 
At
: 
16
:3
3 
7 
De
ce
mb
er
 2
01
0
Compression and permeability properties of multiaxial warp-knit preforms
T
ab
le
3
W
ic
ki
ng
an
d
pe
rm
ea
bi
li
ty
pr
op
er
ti
es
of
pr
ef
or
m
s
Pr
ef
or
m
s
F
ib
re
di
am
et
er
,
µ
m
A
m
ou
nt
of
w
at
er
w
ic
ke
d
(1
m
in
),
g
(C
V
%
)
A
m
ou
nt
of
w
at
er
w
ic
ke
d
(5
m
in
),
g
(C
V
%
)
F
lo
w
ra
te
,
10
−2
g/
(c
m
3
s)
(C
V
%
)
H
yd
ra
ul
ic
ra
di
us
of
fib
re
be
d
(m
),
µ
m
F
lo
w
le
ng
th
(L
),
cm
at
60
s
Pr
es
su
re
di
ff
er
en
ce
(
P
),
10
3
dy
ne
/c
m
2
Pe
rm
ea
bi
lit
y
co
ns
ta
nt
(K
),
10
−7
s
Pe
rm
ea
bi
lit
y
(k
),
10
−9
g/
cm
2
B
ia
xi
al
D
O
S
12
2.
96
(4
.2
)
9.
44
(3
.3
)
3.
77
(4
.1
)
12
3.
12
60
.0
1.
96
1.
74
T
ri
ax
ia
l
D
O
S
14
5.
93
(4
.7
)
16
.5
4
(3
.9
)
4.
19
(3
.7
)
9
2.
70
80
.0
1.
41
1.
26
Q
ua
dr
ax
ia
l
D
O
S
14
12
.8
6
(3
.9
)
33
.4
4
(2
.6
)
6.
50
(3
.7
)
14
3.
37
51
.4
3
4.
25
3.
79
291Copyright C© 2008 The Textile Institute TJTI 2008 Vol. 99 No. 4
D
o
w
n
lo
ad
ed
 B
y:
 [
B-
on
 C
on
so
rt
iu
m 
- 
20
07
] 
At
: 
16
:3
3 
7 
De
ce
mb
er
 2
01
0
N. V. Padaki, R. Alagirusamy, B. L. Deopura and R. Fangueiro
Figure 5Wickability of preforms (amount of water wicked by
the preform vs time).
low fibre diameter of the glass fibres. Hence for calculation
purposes, cos θ was presumed as 1, since θ is close to 0◦.
The flow rate tests on 10 cm × 10 cm samples near sat-
uration point to some interesting observations. Instanta-
neous initial wicking along the fibre orientation directions,
then flow reaching in other directions taking more time
followed by overflow from the boundaries of the preform,
has been noticed repeatedly. Instantaneous wicking can be
attributed to the presence of lucid fibre capillaries along the
fibre orientation direction and the slow fluid flow in other
directions could be due to the discontinuous capillaries be-
tween fibre–fibre and fibre–plate regions. Although flow
front reaches the preform boundary, overflow commences
much later than the earlier-mentioned flows. This over-
flow could be due to the higher fluid pressure between the
top and the bottom plate than the surface tension in the
fluid–plate region, which would result from a saturation of
the preform and continuous water feed.
From Darcy’s law of fluid flow through a porous me-
dia, P—the difference in fluid pressure—is the sum of
the external fluid flow pressure difference and the internal
capillary pressure (P + Pc). This capillary pressure, Pc
(dyne/cm2), is given by equation (7) (Luo et al., 2001)
Pc = γ cos θm (7)
where γ is the surface tension of the fluid (72 dyne/cm2
for water), θ is the wetting angle (contact angle) and m is
the hydraulic radius of the fibre bed (cm). This hydraulic
radius of the fibre bed,m, is expressed in terms of capillary
radius (Rc) as the ratio of capillary cross-sectional area nor-
mal to the flow and its wetted perimeter, given by equation
(8) as follows,
m = R
2
c
2Rc
= Rc
2
(8)
The fibre bed hydraulic radius m is calculated by equa-
tion (9) (Luo et al., 2001) as
m = F.df
4
.
1 − Vf
Vf
(9)
where df , the fibre diameter (cm), Vf , the fibre volume
fraction and F is a function of fabric geometry (tortuosity,
F = 1 for UD fibre beds). For the multiaxial warp-knit
DOS structures, F was assumed to be 1 as the inlay layers
consist of glass filaments in specified directionswithout any
interlocking or interlacement; therefore, the capillaries are
similar to those of UD fibre beds. The fibre diameter was
measured optically by microscopic observation of cross
section of composite made from these preforms. Higher
wettability (contact angle nearing 0◦) and smaller capillary
radius induce higher capillary pressure, as elucidated by
equation (7). Preform volume fraction becomes the domi-
nant factor influencing the hydraulic radius as defined by
equation (9). For a given type of fabric structure, such as
MWAKDOS in this case, higher the fibre volume fraction,
smaller is the hydraulic radius and hence greater would be
the capillary pressure.
The length of fluid flow in capillary defined in Darcy’s
equation (1), L (cm), at a given time t (s) is provided by
the Washburn equation (10) (Chatterjee and Gupta, 2002)
as follows for horizontal capillary wicking, replacing the
capillary radius with the hydraulic radius of the fibre bed.
L =
√
mγ cos θ
η
t (10)
Table 3 provides the calculated values of the hydraulic
radius of the fibre bed m (µm), flow length in the capillary
L (cm), pressure difference P (dyne/cm2), permittiv-
ity constant K (min) and permeability k (g/cm2). These
values for the given DOS preforms are calculated using
the equations (1) and (7)–(10) for a flow of 1 minute time
considering the viscosity of water η (0.89 cP).
Analysing the permeability of preform, the low-aerial-
density biaxial structure has least in-plane permeability.
Triaxial and quadraxial preforms although have compa-
rable fabric aerial density and it can be noticed that the
quadraxial structure has high permeability, which could
be ascribed to better fibre orientation and higher capillary
radius, as evident from low fibre volume fraction value,
thus increasing the capillary flow length as explained by
the equation (9). It can also be noted that the fibre volume
fraction is influencing the fluid flow rate and thus preform
permeability as evident from the equations (7)–(9), but
the experimental data is inadequate to arrive at this con-
clusion. The higher wickability of triaxial preforms com-
pared to the biaxial structures could be due to the better
fibre orientation and presence of dense capillaries along
fibre-oriented directions, but lesser capillary radius would
have limited the wickability. Higher fibre volume fractions
have shown decreased fluid flow in the triaxial fabric while
the highest flow rate in quadraxial preforms has low fibre
292TJTI 2008 Vol. 99 No. 4 Copyright C© 2008 The Textile Institute
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volume fraction but is most isotropic with respect to fi-
bre orientation which has enhanced the permeability. The
Kozeny–Carman relation, for permeability of the porous
media with a fibrous architecture is given by equation (11)
(Grujicic et al., 2004):
k = d
2
f (1 − Vf )3
KCV2f
(11)
where df , the fibre diameter, Vf , the fibre volume fraction,
whileKC is a fibrous-mediumarchitecture-dependent con-
stant known as theKozeny constant. ThisKozeny constant
includes a shape factor for the flow channel and a tortuosity
factor, the latter usually defined as the ratio of flow chan-
nel length to the length of the porous medium. Carmen
suggested that empirically KC is equal to 5 in accordance
with the experimental data (Chatterjee and Gupta, 2002).
This relation would be of immense aid in comprehend-
ing the permeability properties with the compressibility of
preforms. The application of these studies would be used
to optimize and simulate the RTM process for composite
preparation in the future studies.
CONCLUSIONS
The compression behaviour of multiaxial warp-knit pre-
forms shows a particular trend, with total compression
amounting to approximately one-third of the preform
thickness. Fibre volume fraction of the preform influences
the compression behaviour; higher the fibre volume frac-
tion lower is the compressibility of textile preforms. An
empirical expression relating fibre volume fraction to pre-
form thickness has been presented.
The fluid flow in-plane permeability studies on direc-
tionally oriented warp-knit glass preforms have clearly
shown that fibre orientation, preform porosity and pres-
ence of capillaries due to fibre orientation in different direc-
tions influence preform permeability. Fibre volume frac-
tion of the preform also plays an important role in the
permeability as explained by the relations between capil-
lary radius and capillary pressure, but further research is
essential to validate this issue. Preform permeability would
decreasewith increase in compression, and attempts are be-
ingmade to understand the relations for further application
in optimizing and simulatingRTMcomposite preparation.
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